Abstract: Percutaneous coronary intervention (PCI) is a common treatment method for patients with coronary artery disease (CAD), but its effect on synchronously measured heart rate variability (HRV) and pulse transit time variability (PTTV) have not been well established. This study aimed to verify whether PCI for CAD patients affects both HRV and PTTV parameters. Sixteen CAD patients were enrolled. Two five-minute ECG and finger photoplethysmography (PPG) signals were recorded, one within 24 h before PCI and another within 24 h after PCI. The changes of RR and pulse transit time (PTT) intervals due to the PCI procedure were first compared. Then, HRV and PTTV were evaluated by a standard short-term time-domain variability index of standard deviation of time series (SDTS) and our previously developed entropy-based index of fuzzy measure entropy (FuzzyMEn). To test the effect of different time series length on HRV and PTTV results, we segmented the RR and PTT time series using four time windows of 200, 100, 50 and 25 beats respectively. The PCI-induced changes in HRV and PTTV, as well as in RR and PTT intervals, are different. PCI procedure significantly decreased RR intervals (before PCI 973˘85 vs. after PCI 907˘100 ms, p < 0.05) while significantly increasing PTT intervals (207˘18 vs. 214˘19 ms, p < 0.01). For HRV, SDTS-only output significant lower values after PCI when time windows are 100 and 25 beats while presenting no significant decreases for other two time windows. By contrast, FuzzyMEn gave significant lower values after PCI for all four time windows (all p < 0.05). For PTTV, SDTS hardly changed after PCI at any time window (all p > 0.90) whereas FuzzyMEn still reported significant lower values (p < 0.05 for 25 beats time window and p < 0.01 for other three time windows). For both HRV and PTTV, with the increase of time window values, SDTS decreased while FuzzyMEn increased. This pilot study demonstrated that the RR interval decreased whereas the PTT interval increased after the PCI procedure and that there were significant reductions in both HRV and PTTV immediately after PCI using the FuzzyMEn method, indicating the changes in underlying mechanisms in cardiovascular system.
Introduction
Heart rate variability (HRV) refers to the variability of RR intervals between successive sinus beats, which results from the impact of the autonomic nervous system tone on sinus node function [1] . Pulse transit time (PTT) is the interval from the R wave peaks to the feet of the corresponding pulse in the same cardiac cycle [2] and its variability, i.e., pulse transit time variability (PTTV), can also provide insight into the inherent mechanisms of the cardiovascular system. Physiological time series variability has been shown to have the potential to predict cardiovascular diseases [3, 4] . Moreover, due to either the fact that it is a time-consuming technique associated with long-term physiological signal recordings or a lack of standardization of diagnostic methods as well as some technical difficulties for variability analysis, short-term measures lasting 2 to 15 min have been welcomed in clinical practice [5] . New analysis methods as well as possibilities for their more common application in clinical practice have been sought [6] [7] [8] .
It has been shown that HRV indices decrease after a percutaneous coronary intervention (PCI) procedure [3] and this drop is accompanied by an increased sympathetic tone [9] . Studies have invariably demonstrated that coronary artery bypass grafting (CABG) also leads to significant HRV reduction [10] [11] [12] [13] . In addition, HRV reduction after cardiac surgery is not exclusively related to PCI or CABG, as it is also recorded in patients undergoing valve surgery [14] . However, opposite conclusions still exist to show the HRV reduction after PCI is not significant [15] . Consequently, the first aim of this study is to test the effect of the PCI procedure on the HRV changes in coronary artery disease (CAD) patients. If the HRV parameters change a lot between before and after the PCI procedure, the clinical attention should be paid for the measurement time point for the HRV indices. This means the comparison of HRV parameters before and after the PCI procedure is important in clinical application.
Another motivation of this study is based on the fact that no related studies exist for exploring the effects of PCI on PTT interval and PTTV results, and thus to reveal the PCI effect on peripheral circulation. Peripheral circulation plays a fundamental role in the pathophysiology of the cardiovascular diseases. A better understanding of the change in mechanical properties of peripheral arteries is of particular importance because modest changes in ventricular function can have profound haemodynamic and clinical effects [16, 17] . Wagner et al. reported that PTT measured from ECG to the finger PPG can indicate the impaired ventricular-arterial coupling [18] . This study will synchronously record the ECG and finger PPG signals and aims to reveal the PCI-induced changes in PTT and PTTV.
As for the variability analysis methods, entropy-based measures have been widely used in the past few decades, typically approximate entropy (ApEn) [19] and sample entropy (SampEn) [20] . Entropy measures could provide a valuable tool for quantifying the regularity of physiological time series and provide important insights into the underlying mechanisms of the cardiovascular system [19, 20] . However, recent studies find ApEn and SampEn measures have poor statistical stability for the HRV analysis [21] [22] [23] , so fuzzy theory-based entropy methods have been developed [7, 8, 24, 25] . We previously proposed a fuzzy measure entropy (FuzzyMEn) method [7, 24] . The essential difference between the FuzzyMEn and traditional entropy methods is that ApEn and SampEn both use the Heaviside function as the decision rule for vector similarity, whereas FuzzyMEn uses the fuzzy function. The rigid membership degree determination in Heaviside function could induce the weak consistency of ApEn and SampEn, which means that the entropy value may have a sudden change when threshold parameter r changes slightly. This phenomenon has been reported in recent studies [7, 8, 24] . For FuzzyMEn, this determination criterion exhibits the gentle boundary effect. Also, FuzzyMEn uses the information from both local and global vector sequences by removing both local baseline and global mean values, which means that FuzzyMEn have better consistency than ApEn and SampEn. In this study, we will employ our previously developed FuzzyMEn method to test the PCI effect on short-term (5 min) HRV and PTTV. In addition, considering that it is difficult to acquire large time series during practical measurement, the ability of a variability measure for analyzing relatively short time series is critical for clinical applications. This is especially true for studies with pathological populations that are limited in their clinical measurement. This study therefore aimed to verify whether the CAD patients undergoing PCI affects both HRV and PTTV parameters. Meanwhile, we used different time windows to segment the RR and PTT time series for HRV and PTTV analysis, aiming to test the effect of different time series lengths on HRV and PTTV parameters.
Methods

Subjects
A total of 16 CAD patients with coronary artery stenosis (13 males and 3 females, aged between 44 and 80) were enrolled in this study. All patients received typical medical treatment for CAD. Routine ECG and echocardiography examinations were implemented. The patients were confirmed by coronary angiography, and they all had at least one main coronary branch stenosed for over 50%. Coronary angioplasty was performed according to the well-established PCI standards. A PCI procedure was considered successful if the presence of residual stenosis is not exceeding 20% and no complications during either the procedure or in-hospital stay. All patients gave their informed consent. The study obtained full approval from the Institutional Review Board of Shandong Provincial Qianfoshan Hospital. The basic characteristics of the patients are shown in Table 1 . 
Protocol
Measurements were undertaken in a quiet and temperature controlled (25˘3˝C) room at Shandong Provincial Qianfoshan Hospital and were performed within 24 h before and after the PCI intervention operation. Standard limb II-lead ECG and fingertip photoplethysmography (PPG) signals were synchronously recorded for about 5 min using the Signal Synchronous Acquisition Card NI PCI-6123 by the National Instruments Corporation (Austin, TX, USA). The sampling frequency is 1000 Hz. Table 2 shows the detailed moments for each 5 min signal measurement before and after the PCI procedure. In addition, the patients were asked to lie supine on a measurement bed for a 10 min rest period to allow cardiovascular system stabilization. ECG electrodes were attached to the right wrist and the right and left ankles to acquire a standard limb lead-II ECG. A photoelectric sensor was attached to the left forefinger tip to acquire fingertip PPG waves. During the signal measurement, the patients were asked to breathe peacefully. Figure 1 gives a demonstration of the synchronously recorded ECG and PPG signals. First, the slow varying components (0-0.05 Hz) were removed from the ECG and PPG signals; second, R-wave peaks of ECG signals were extracted by a template-matching procedure [26] . Ectopic beats were identified and excluded using our previously developed method [27] . After the location of R-wave peaks, the corresponding pulse feet (start points of PPG pulse) were found by the first-order differential signals [28] . Finally, RR time series were obtained from the adjacent R-wave peaks and pulse transit Entropy 2016, 18, 246 4 of 13 time (PTT) time series were obtained from the R wave peaks to the feet of the corresponding pulse in the same cardiac cycle [2] . The construction approach of RR and PTT time series are shown in Figure 1 . A manual check was also performed to ensure the anomalous intervals due to ectopic beats or poor signal quality were removed from the RR and PTT time series. Figure 1 gives a demonstration of the synchronously recorded ECG and PPG signals. First, the slow varying components (0-0.05 Hz) were removed from the ECG and PPG signals; second, R-wave peaks of ECG signals were extracted by a template-matching procedure [26] . Ectopic beats were identified and excluded using our previously developed method [27] . After the location of R-wave peaks, the corresponding pulse feet (start points of PPG pulse) were found by the first-order differential signals [28] . Finally, RR time series were obtained from the adjacent R-wave peaks and pulse transit time (PTT) time series were obtained from the R wave peaks to the feet of the corresponding pulse in the same cardiac cycle [2] . The construction approach of RR and PTT time series are shown in Figure 1 . A manual check was also performed to ensure the anomalous intervals due to ectopic beats or poor signal quality were removed from the RR and PTT time series. The detected R-wave peaks are denoted as "•" and the feet of PPG are denoted as "►". RR interval is the interval between two adjacent R-wave peaks and PTT interval is the interval from the R-wave peak to the foot of PPG signal. Figure 1 . Synchronously recorded ECG and finger PPG signals. The detected R-wave peaks are denoted as "‚" and the feet of PPG are denoted as " §". RR interval is the interval between two adjacent R-wave peaks and PTT interval is the interval from the R-wave peak to the foot of PPG signal. Figure 2 shows the examples of the RR time series from before (a) and after (b) PCI procedure, as well as the corresponding scatter plots (c and d) for the two RR time series respectively. The initial 200 heart beats are shown in Figure 2 . Figure 3 shows similar examples for the PTT time series from before and after the PCI procedure. Figure 2 shows the examples of the RR time series from before (a) and after (b) PCI procedure, as well as the corresponding scatter plots (c and d) for the two RR time series respectively. The initial 200 heart beats are shown in Figure 2 . Figure 3 shows similar examples for the PTT time series from before and after the PCI procedure. 
RR and PTT Series Construction
0 0.5 1 1.5 2 2.5     RR(i) RR(i+1)     PTT(i) PTT(i+1) ECG PPG Time(s)2 shows the examples of the RR time series from before (a) and after (b) PCI procedure, as well as the corresponding scatter plots (c and d) for the two RR time series respectively. The initial 200 heart beats are shown in Figure 2. Figure 3 shows similar examples for the PTT time series from before and after the PCI procedure.
Variability Indices for HRV and PTTV
The RR and PTT time series were firstly 50% overlapped segmented into several segments using four types of different time window (n = 200, 100, 50 and 25 beats respectively), permitting the variability results from different time windows to be observed. Then, two variability indices, i.e., a standard short-term time-domain variability index of standard deviation of time series (SDTS) [1] and our recently developed entropy-based measure of fuzzy measure entropy (FuzzyMEn) [7, 24] 
employed for the HRV and PTTV analysis. The detailed calculation processes of SDTS and FuzzyMEn can be referred in the Appendix.
The reason for choosing the SDTS and FuzzyMEn is that common time-and frequency-domain HRV indices have been widely used for exploring the inherent changes of RR time series in different situations. In the current study, we aimed to test the efficiency of the FuzzyMEn method of measuring the changes of RR and PTT time series after PCI procedure, especially on the PTT time series since the previous studies hardly involved the analysis of PTTV. We used the common HRV index of SDTS as the comparable index because this index can show the variability of the time series and can be easily understood.
Statistical Analysis
First, the individual RR (or PTT) interval was obtained from the mean of the RR (or PTT) time series for each patient. The RR and PTT intervals from before PCI procedure were compared with those from after PCI procedure to observe the corresponding changes due to the PCI procedure. Then, the two variability indices of SDTS and FuzzyMEn were calculated for both RR and PTT time series for each patient, separately by the four types of the time windows. For each time window, the SDTS and FuzzyMEn values were obtained from the mean of the results from the several RR and PTT segments.
The results (RR interval, PTT interval, SDTS and FuzzyMEn) from before and after PCI procedure were tested if they are normal distributions by the Kolmogorov-Smirnov test. If they met the normal distribution, the paired t-test was used to test the statistical difference before and after PCI procedures. If not, a non-parametric test was used. All statistical analyses were performed using the SPSS software (Version 20). Statistical significance was set a priori at p < 0.05. Table 3 shows the results of RR and PTT intervals, as well as the blood pressure results, from before and after PCI procedure. Paired t-test results showed that blood pressure values did not have statistical differences between before and after PCI procedure (for SBP, before 130˘14 vs. after 131˘18 mmHg, p = 0.4; for DBP, before 79˘10 vs. after 79˘11 mmHg, p = 0.9). Paired t-test results showed that after PCI procedure, RR interval significantly decreased (907˘100 vs. before PCI 973˘85 ms, p < 0.05) whereas PTT interval significantly increased (214˘19 vs. before PCI 207˘18 ms, p < 0.01). The changes were observed in each individual, as shown from the ladder plots in Figure 4 . The group mean values for RR and PTT intervals were also shown. Table 4 gives an overview of HRV and PTTV results from the two PCI stages when using the different time windows N. Comparison of HRV indices before and after PCI procedure in all enrolled patients revealed that, both SDTS and FuzzyMEn decreased after PCI for all n values. 
Results
RR and PTT Intervals: Comparison before and after PCI Procedure
HRV and PTTV Results: Comparison between before and after PCI Procedure
HRV and PTTV Results:
Comparison between before and after PCI Procedure Table 4 gives an overview of HRV and PTTV results from the two PCI stages when using the different time windows N. Comparison of HRV indices before and after PCI procedure in all enrolled patients revealed that, both SDTS and FuzzyMEn decreased after PCI for all n values. However, SDTS only output significant lower values when n = 100 and n = 25 beats while reported no significant decreases for other two N settings. By contrast, FuzzyMEn reported significant lower values for all of four types of N values (all p < 0.05), and even the decrease after PCI became more significant when n = 25 beats (p < 0.01). In addition, it was noteworthy that with the increase of n values, SDTS decreased while FuzzyMEn increased. PTTV results showed different trends compared with HRV results. For PTTV, SDTS hardly changed after PCI at any of the four n settings (all p > 0.90). However, FuzzyMEn still reported significant lower values for all of four n values (p < 0.01 for n = 200, 100 and 50 beats, and p < 0.05 for n = 25 beats). The similar trends in PTTV compared with HRV are that with the decrease of n values, SDTS decreased while FuzzyMEn increased.
Discussion
This study showed a decrease of parasympathetic tone and autonomic balance shift towards sympathetic domination after the PCI procedure, indicated by the decreased SDTS in HRV and further confirmed by the FuzzyMEn analysis. Our results also reported the effect of the PCI procedure on the PTT interval and PTTV results. To the best of our knowledge, it is the first study to explore the PCI procedure's effect on PTTV indices. The SDTS changes in HRV were consistent with the findings of Janowska-Kulinska et al. [3] , where SDTS changed from 27.2˘18.6 ms before PCI to 21.3˘32.8 ms after PCI (p = 0.044). The decrease of parasympathetic tone was also consistent with the findings of Kanadasi et al. [9] , who showed the parasympathetically modulated HRV reduction occurred after PCI procedure in patients with single-vessel disease. However, they were in opposition to the results reported by Tseng et al. [15] , where the HRV parameters recorded before PCI procedure did not differ significantly from those assessed directly after the PCI procedure. Moreover, many studies have demonstrated that coronary artery bypass grafting (CABG) also leads to significant HRV reduction, which is even more pronounced than after myocardial infarction [10] [11] [12] [13] . In addition, HRV reduction after cardiac surgery is not exclusively related to PCI or CABG, as it is also recorded in patients undergoing valve surgery [14] . Unlike myocardial infarction where the main reason of the HRV reduction is ischaemia and myocyte necrosis, the probable reasons for considerable HRV reduction immediately after PCI or CABG include a combined effect of surgical manipulation during operative procedure on the heart and adjacent anatomical structures, prolonged anaesthesia [29, 30] and cardioplegia [10] .
Entropy-based measures can quantify the regularity of the time series and provide important insight for understanding the underlying mechanisms of the cardiovascular system. Thus they have been widely used in clinical research for the early detection of cardiovascular diseases. The results in the current study verified the reduction of irregularity in the RR time series after PCI procedure, indicated by the decreased both SDTS and FuzzyMEn values after PCI. The reduction of irregularity in RR time series could also be explained by the combined effect of surgical manipulation during operative procedure on the heart, prolonged anaesthesia and cardioplegia.
Our results showed a significant increase in PTT interval after PCI procedure. It is widely accepted that the increase of peripheral PTT is linked to the increase of arterial compliance [31] [32] [33] [34] [35] . Thus, the PCI procedure was observed in this study to have a positive effect on the improvement of the arterial function. However, the underlying mechanism of this improvement is still unknown and should be further explored. For PTTV, as shown in Table 2 , the SDTS in PTTV had no significant difference between before and after PCI procedure while the FuzzyMEn had. This indicated that although the PCI procedure did not have effect on the variation of PTT time series, it did have an effect on the inherent regularity of PTT time series. The significant decreases of FuzzyMEn values suggested the PTT time series became more regular after the PCI procedure. The inherent mechanism of this change is still unknown.
Previous studies reported that the time series length n did not have a great impact on entropy measures if n > 200 [20, 36] but had a great impact if n is less than 200 [37] . Consequently, stabilization in entropy would be expected with greater n. Our recent study on distance-based entropy suggested that this distance-based entropy could be applied in relative shorter time series [6] . However, the usability of the FuzzyMEn method in the relative shorter time series still needs to be confirmed. Thus, in the current study, we used different time windows (200, 100, 50 and 25 beats respectively) to segment the RR and PTT time series to test on relatively short time series. For all four time windows, FuzzyMEn in HRV is able to significantly discriminate between before and after PCI procedure while SDTS cannot. As shown in Table 2 , SDTS only output significant differences when time windows were 100 and 25 beats. The weak consistency of SDTS values presented here indicates the difficulty of clinical application. However, from Table 2 , we observed that FuzzyMEn showed greater consistency: the results from after PCI were consistently lower than those before PCI and there were significant differences between the two stages for both HRV and PTTV analysis.
Referring to the effect of the baseline demographics, previous studies demonstrated that blood pressure was a significant factor for the incidence of stent restenosis in patients treated with PCI [38] . However, this conclusion was from a long-term (10 years) follow-up study aiming to identify the hypertension risk on the cardiovascular morbidity and mortality. In this study, we compared the blood pressure differences before and after the PCI procedure and found that both SBP and DBP did not have statistical changes after the PCI procedure. Moreover, the LVEF parameter is important for CAD Entropy 2016, 18, 246 9 of 13 patients. We reported the LVEF results before PCI procedure. However, their values were not recorded after PCI procedure, which is definitely a limitation for the current study. In addition, a significant decrease in the RR intervals was observed after PCI procedures, indicating the significant increase of the heart rate (HR) parameter. We did not include the specific HR change in this study, and we did not explore the inherent mechanism of the changes in RR and PTT intervals, as well as in HRV and PTTV parameters. This work can be considered a pilot study, and we only collected the data from before and after PCI procedure from 16 CAD patients. Furthermore, the findings of this work will be incorporated into the follow-up studies and the inherent mechanism of the changes, especially for the clinical practice, should be further explored. In addition, as reported in references [29, 30] , anesthesia has a non-negligible effect on the HRV parameters in 24 h post-surgery, so we could not regard the changes in HRV and PTTV parameters, as well as in RR and PTT intervals, as totally the effect of the PCI procedure without considering the effect of anesthesia. We also identified this is a limitation in the current study and we need to perform further experiments to confirm or exclude the effect of anesthesia.
Conclusions
The present study has demonstrated that the RR interval decreased while the PTT interval increased after the PCI procedure. More important, the reduction in both HRV and PTTV were significant immediately after PCI, indicating the changes in underlying mechanisms in the cardiovascular system. 
Appendix A2. FuzzyMEn
The calculation process of FuzzyMEn is summarized as follows [7, 24] : For the RR or PTT segment xpiq (1 ď i ď N) , firstly form the local vector sequences XL m i and global vector sequences XG m i respectively: The vector XL m i represents m consecutive xpiq values but removing the local baseline xpiq, which is defined as:
The vector XG m i also represents m consecutive xpiq values but removing the global mean value x of the segment xpiq, which is defined as: FuzzyLMEn pm, n L , r L , Nq "´ln`φL m`1 pn L , r L q{φL m pn L , r L qF uzzyGMEn pm, n G , r G , Nq "´ln`φG m`1 pn G , r G q{φG m pn G , r G q˘( A9)
Finally, the FuzzyMEn of RR segment xpiq is calculated as follows:
FuzzyMEn pm, n L , r L , n G , r G , Nq " FuzzyLMEn pm, n L , r L , Nq`FuzzyGMEn pm, n G , r G , Nq (A10) In this study, the local similarity weight n L = 3 and global vector similarity weight n G = 2, the local tolerance threshold r L was set equal to the global threshold r G , i.e., r L = r G = r. So the Formula (A10) becomes:
FuzzyMEn pm, r, Nq " FuzzyLMEn pm, r, Nq`FuzzyGMEn pm, r, Nq
For FuzzyMEn, the entropy results were only based on the three parameters: embedding dimension m, tolerance threshold r and RR segment length N. The parameters of FuzzyMEn used in this study are m = 1 and r = 0.1 [23] .
